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Abstract. We have modelled the evolution of the number of Lyα absorbers with redshift, resulting from the
evolution of the ionising background and the Hubble expansion. The contribution of quasars (QSOs) and galaxies
to the H i-ionising UV background has been estimated. The QSOs emissivity is derived from recent fits of their
luminosity function. The galaxy emissivity is computed using a stellar population synthesis model, with a star-
formation history scaled on observations of faint galaxies at λ ≥ 1500A˚. We allow for three values of the fraction
of ionising photons that can escape the interstellar medium, fesc = 0.05, 0.1 and 0.4. The Intergalactic Medium is
modelled as made of purely-absorbing clouds with the distribution in redshift and column density obtained from
QSOs absorption lines. For the adopted values of fesc, the contribution of galaxies to the ionising UV background
is comparable or greater than that of QSOs. Accounting for the contribution of clouds to the UV emission, all
models with fesc <∼ 0.1 provide an ionising flux compatible with local and high-z determination, including those
with a pure QSOs background. The observed z ∼ 1 break in the evolution can be better explained by a dominant
contribution from galaxies. We find that models in Λ-cosmology with Ωm=0.3, ΩΛ=0.7 describe the flat absorbers
evolution for z <∼ 1.0 better than models for Ωm=1.0.
Key words. Radiative transfer – diffuse radiation – intergalactic medium – cosmology: theory – quasar: absorption
lines – Ultraviolet: galaxies
1. Introduction
The evolution of the Lyman forest is governed by two main
factors: the Hubble expansion and the the metagalactic
UV background. At high redshift the expansion, which
tends to increase the ionisation of the matter, and the UV
background, increasing or non-decreasing with decreasing
redshift, work in the same direction and cause a steep evo-
lution of the number of lines with z. At low redshift, the
UV background starts to decrease with decreasing red-
shift, due to the reduced number of ionising sources, and
this effect counteracts the Hubble expansion. As a result
the evolution of the number of lines slows down.
In a recent study of the evolution of the Lyman forest
Kim, Cristiani, & D’Odorico (2001) have shown that the
number of Lyα lines per unit redshift, dN/dz, is well de-
scribed by a double power-law with a break at z ∼ 1. For
column densities in the interval NH i = 10
13.64−16 cm−2,
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dN/dz ∝ (1 + z)2.19±0.27 at 1.5 < z < 4, while dN/dz ∝
(1 + z)0.16±0.16 at z < 1 (Weymann et al. 1998).
Recent numerical simulations have been remarkably
successful in reproducing the observed evolution (see, for
example Dave´ et al. 1999; Machacek et al. 2000), leav-
ing little doubt about the general interpretation of the
phenomenon. However the same simulations predict the
break in the dN/dz power-law at a redshift z ∼ 1.8 which
appears too high in the light of the new results of Kim
et al. (2001). This suggests that the UV background im-
plemented in the simulations is not completely correct:
QSOs have been considered as the main source of ionis-
ing photons, and, since their space density drops below
z ∼ 2, so does the UV background. However, galaxies can
produce a non-negligible ionising flux too, perhaps more
significant than previously assumed, as shown by recent
measurements by Steidel, Pettini, & Adelberger (2001).
The galaxy contribution can keep the UV background rel-
atively high until at z ∼ 1 the global star formation rate
in the Universe quickly decreases, determining the change
in the number density of lines.
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In this paper we recompute the contribution of QSOs
and galaxies to the UV background following the recipes of
Madau (1991, 1992); Haardt & Madau (1996) and Madau,
Pozzetti, & Dickinson (1998) (Sect. 2). In Sect. 3 the
results are compared with constraints on the UV back-
ground derived from the proximity effect and the Hα emis-
sion of high galactic latitude clouds. In Sect. 4 the evolu-
tion of the number of Lyα lines per unit redshift is com-
puted according to a simple analytical model for different
relative contributions of galaxies and QSOs. In Sect. 5 we
summarise the results and discuss some consequences of
them in terms of present and future observations.
All the computations are carried out for two flat cos-
mologies: an Einstein-De Sitter cosmology (Ωm = 1,ΩΛ =
0) and a Λ cosmology (Ωm = 0.3,ΩΛ = 0.7). We have
adopted H0=70 km s
−1 Mpc−1 (Freedman et al. 2001)
throughout and scaled to this value the data derived from
the literature.
2. The Ultraviolet Background
The mean specific intensity of the Ultraviolet background
J(νobs, zobs), as seen at a frequency νobs by an observer at
redshift zobs, can be derived from
J(νobs, zobs) =
1
4π
∫ ∞
zobs
(1 + zobs)
3
(1 + z)3
ǫ(ν, z)
× e−τeff (νobs,zobs,z)
dl
dz
dz, (1)
where ν = νobs(1 + z)/(1 + zobs), ǫ(ν, z) is the proper
space-averaged volume emissivity, τeff(νobs, zobs, z) is the
effective optical depth at νobs of the Intergalactic Medium
(IGM) between redshifts zobs and z, and dl/dz the proper
line element (Madau 1991, 1992; Haardt & Madau 1996).
The emissivity ǫ(ν, z) should include a contribution
both from direct sources of UV radiation (e.g. QSOs and
galaxies) and from the IGM clouds themselves, through
continuum radiative recombination of the gas (Haardt &
Madau 1996). For the sake of simplicity, we consider here
the case of a purely absorbing IGM, thus omitting ra-
diative recombination. The effect of this omission will be
discussed later.
The line element can be written as
dl
dz
=
c
H(z)(1 + z)
, (2)
where c is the velocity of light and H(z) = H0[Ωm(1 +
z)3 + ΩΛ]
1/2 is the Hubble parameter for a flat universe
(Ω = Ωm +ΩΛ = 1).
2.1. Opacity
The effective optical depth τeff through the IGM is defined
as e−τeff = 〈e−τ 〉, where the mean is taken over all the lines
of sight from the redshift of interest. For a Poisson distri-
bution of discrete absorbers (Paresce et al. 1980; Moller
& Jakobsen 1990; Madau 1991, 1992),
τeff(λobs, zobs, z) =∫ z
zobs
dz′
∫ ∞
0
dNH i f(NH i, z
′)(1 − e−τ(λ
′)), (3)
where f(NH i, z
′) = ∂2N/∂NH i∂z
′ is the distribution of
absorbers as a function of redshift and column density of
the atomic hydrogenNH i, and τ(λ
′) is the optical depth of
an individual cloud for ionising radiation at a wavelength
λ′ = λobs(1 + zobs)/(1 + z). For 228A˚< λ
′ ≤912A˚, the
main contribution to absorption of UV photons is given
by the ionisation of H i, therefore
τ(λ′) = τH i(λ
′) = NH i σH i
(
λ′
912A˚
)3
, (4)
where σH i = 6.3·10
−18 cm−2 is the photo-ionisation cross-
section at the Lyman limit for H i (Osterbrock 1989).
The ionisation of He i at 504A˚ is not considered: He i
being almost completely ionised, its contribution to the
total opacity is negligible (Haardt & Madau 1996). For
completeness, we have included the contribution of He ii
ionisation to the opacity, although it does not affect the re-
sults presented in this paper. He ii is ionised for λ′ ≤228A˚:
thus,
τ(λ′) = τH i +NHe ii σHe ii
(
λ′
228A˚
)3
, (5)
with σHe ii = 1.58 · 10
−18 cm−2 (Osterbrock 1989). The
column density NHe ii can be derived from NH i by solving
the radiative transfer within a cloud. When clouds are
optically thin at 228A˚, a simple solution can be found
(Haardt & Madau 1996):
NHe ii ≈ 1.8NH i
J(912A˚)
J(228A˚)
. (6)
While Eqn. (6) does not hold for optically thick clouds, its
use in the optically thick case can still provide correct esti-
mates for the cosmic opacity, when λobs > 228A˚ (Haardt
& Madau 1996). Since the He ii contribution to τeff de-
pends on the UV background, we have solved Eqn. (1)
iteratively for every value of zobs.
For the redshift and column density distribution of ab-
sorption lines we have adopted the usual form
f(NH i, z) =
(
A
1017
)(
NH i
1017 cm−2
)−β
(1 + z)γ . (7)
Fits of the absorption line distribution show that the in-
dex β varies for different ranges of NH i (Fardal et al.
1998; Kim et al. 2001). However, it is possible to de-
scribe the cloud distribution with β = 1.46 over several
decades in NH i (Petitjean et al. 1993). For simplicity,
we have adopted this single value over the whole column
density range considered here. Kim et al. (2001) com-
bined high resolution VLT/UVES observations of 3 QSOs
with literature data and derived a line number density
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A β γ NH i/cm
−2
0.50 1.46 0.16 1013 − 1.58 · 1017 z ≤ 1
0.13 1.46 2.19 1013 − 1.58 · 1017 z > 1
0.17 1.46 1.55 1.58 · 1017 − 1020
Table 1. Parameters adopted for the distribution of ab-
sorbing clouds (Eqn. 7).
per unit redshift dN/dz = 9.06(1 + z)2.19, for the col-
umn density range NH i = 10
13.64−16cm−2 and z > 1.5. At
lower redshifts, HST observations from the QSO absorp-
tion line key project show a slower evolution with red-
shift, with dN/dz = 34.7 (1 + z)0.16 (Weymann et al.
1998). The change in evolution, according to the results
of Weymann et al. (1998) and Kim et al. (2001), occurs
at z ∼ 1. In this paper, we use γ=2.19 to describe the
redshift evolution of the Lyα forest (1013 ≤ NH i/cm
−2 ≤
1.58 · 1017) at z > 1, and γ=0.16 at z ≤ 1. By choos-
ing A = 0.13 and A = 0.50, the integral of Eqn. (7)
over NH i = 10
13.64−16cm−2 reproduces the results of Kim
et al. (2001) and Weymann et al. (1998), respectively.
The distribution of Lyman Limit systems is derived in an
analogous way from Storrie-Lombardi et al. (1994). For
1.58 · 1017 ≤ NH i/cm
−2 ≤ 1020, we use A = 0.17 and
γ=1.55. The parameters adopted for the distribution of
absorbers are summarized in Tab. 1.
As already pointed out by many authors (Madau 1991,
1992; Haardt & Madau 1996), the UV background be-
comes more dominated by local sources as the redshift
increases. This can be seen in Fig. 1, where we show the
distance in redshift ∆z = z − zobs corresponding to an
Fig. 1. Distance in redshift ∆z between an observer
at zobs and a point at z = zobs + ∆z for which
τeff(λobs, zobs, z) = 1, as a function of zobs. Plots are
shown for radiation observed at the Lyman edge and for
λobs = 600A˚. The plot does not include the contribution
to the opacity of the He ii ionisation, that will affect the re-
sults at 600A˚. Assuming J(912A˚)/J(228A˚)=50 (the mini-
mum value in our simulations, when only QSOs contribute
to the background), ∆z at 600A˚ will decrease to ≈ 2 in
the range 0 < z < 0.5.
effective optical depth τeff(λobs, zobs, z) = 1, as a function
of zobs. For radiation at λobs = 912A˚ ∆z decreases from
1.8 at zobs=0 to 0.08 at zobs=5. The same trend can be
seen for λobs = 600A˚ but with larger values of ∆z (less
absorption), because of the dependence of the H i ionisa-
tion cross-section on the wavelength. Since only radiation
from local sources can easily reach zobs, it is not necessary
to compute the integral in Eqn. (1) up to z =∞ (or to the
maximum z for which UV emitting sources are available).
We have used in our calculation zmax=5.
The absorber distribution we have adopted produces
opacities that are very similar to those of Haardt & Madau
(1996). Fardal et al. (1998; see also Shull et al. 1999)
have derived values for A, β and γ by fitting the dis-
tribution of absorption lines in several ranges of column
density. The opacity provided by their model is smaller
than the one presented here. For example, at zobs=3 we
reach τeff(912A˚) = 1 for ∆z = 0.18, while it is ∆z = 0.25
for model A2 in Fardal et al. (1998). For the same emis-
sivities, the opacity of Fardal et al. (1998) will result in a
UV background higher than ours. The difference increases
with zobs and reaches 0.1 dex at zobs=3.
2.2. QSO emissivity
The QSO contribution to the UV emissivity has been de-
rived from the QSO luminosity function, for which we have
adopted the double power-law Pure Luminosity Evolution
model (Boyle et al. 1988)
φ(L, z) =
φ⋆
L⋆(z)
[(
L
L⋆(z)
)β1
+
(
L
L⋆(z)
)β2] , (8)
where β1 and β2 are the faint- and bright-end of the lumi-
nosity function. A few functional forms have been adopted
for the redshift evolution of the break luminosity L⋆(z).
Using a sample of over 6000 QSOs with 0.35 < z < 2.3,
Boyle et al. (2000) find that the evolution is well fitted by
a second-order polynomial of the form
L⋆(z) = L⋆(0) 10k1z+k2z
2
. (9)
At redshifts z ∼ 2, the luminosity evolution stops and the
comoving number density of QSOs remains constant up
to z ∼ 3 (Boyle et al. 1988). At z > 3 the QSO num-
ber density declines dramatically. A recent study by Fan
et al. (2001) on a sample of 39 high-redshift QSOs from the
Sloan Digital Sky Survey, suggests that the number den-
sity declines as e−1.15z in the redshift range 3.6 < z < 5.
Boyle et al. (2000) provide the best-fitting parameters
of the B-band luminosity function for the two cosmologies
adopted in this paper. The B-band proper emissivity can
then be derived through the integral
ǫ(νB, z) = (1 + z)
3
∫∞
Lmin
L φ(L, z)dL
= (1 + z)3 10k1z+k2z
2
ǫ(νB , 0),
(10)
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where the factor (1 + z)3 is used to transform comov-
ing into proper number densities. For the flat Einstein-
De Sitter universe and the Λ-cosmology, we have derived
ǫ(νB, 0) = 1.2·10
24 and 7.1·1023 h70 erg s
−1 Hz−1 Mpc−3,
respectively. Lmin scales with z as L
⋆ and is chosen to cor-
respond to MmaxB = −22 at z = 3, for both cosmologies
(MmaxB ≈ −18 at z = 0; Madau 1992). Since Eqn. (9)
well describes a flat luminosity evolution for z ∼ 2, we
have adopted the emissivity of Eqn. (10) up to z = 3.
For z > 3 we have adopted the exponential decline of Fan
et al. (2001).
Boyle et al. (2000) derived the B-band luminosity func-
tion from observations in the QSOs UV restframe, apply-
ing the K-correction for the composite QSO spectrum of
Cristiani & Vio (1990). For consistency, we have used the
same spectrum to derive the UV emissivity for λ > 1050A˚.
For λ < 1050A˚ we have used a power-law, ǫ(ν) ∝ ν−1.8, as
measured on a sample of radio-quiet QSOs observed with
HST (Zheng et al. 1997).
We have also derived the QSO emissivity from the
work of La Franca & Cristiani (1997). They fitted the
luminosity function on a sample of 326 objects (the
Homogeneous Bright QSO Survey) by using a different
luminosity evolution. Results obtained with this emissiv-
ity are very similar to those for the emissivity discussed
above and are not presented in this paper.
2.3. Galaxy emissivity
The galactic emissivity in the ionising UV has been de-
rived following the method outlined by Madau et al.
(1998). The comoving UV emissivity at λ ≥ 1500A˚ (rest
frame) can be derived from galaxy surveys as a function
of the redshift. Because UV light is mainly produced by
short-lived OB stars, it is possible to convert the UV emis-
sivity into a star-formation history of the universe. If we
assume that the mean luminosity evolution of the galax-
ies in the universe can be described with a single galactic
spectrum compatible with the derived star-formation his-
tory, a stellar population synthesis model can be used to
derive the emissivity at any wavelength.
We have used the latest version of the Bruzual &
Charlot (1993) stellar population synthesis models, up-
dated with a new set of stellar evolutionary tracks and
spectral libraries (Bruzual & Charlot 2001; see also Liu
et al. 2000). A Salpeter (1955) IMF with 0.1 < M⋆/M⊙ <
100 has been adopted. We have chosen the quasi-empirical
library of stellar spectra for solar metallicity, derived from
observations for λ > 1150A˚ and from model of stellar
atmospheres for λ < 1150A˚. The conversion factor be-
tween UV luminosity and SFR has been derived from the
adopted stellar model, in the limit of continuous star-
formation (Madau et al. 1998; Kennicutt 1998). For ra-
diation at λ = 1500A˚ we obtain
LUV
SFR
= 7.9 · 1027
erg s−1 Hz−1
M⊙ yr−1
. (11)
Conversion factors for other choices of the IMF and stellar
libraries among those provided by the Bruzual & Charlot
model typically differ over a range of ≈ 0.3 dex. The same
span is also observed when comparing conversion factors
obtained with different models (Kennicutt 1998).
The star-formation history at z < 2 has been cal-
ibrated on the UV comoving emissivities tabulated by
Madau et al. (1998) for a flat Ωm=1 universe. Emissivities
at λ = 2800A˚ have been derived from the Canada-France
Redshift Survey (Lilly et al. 1996) in the range 0.2 < z < 1
and from a HDF-north sample of objects with optical
photometric redshifts for 1 < z < 2 (Connolly et al.
1997). Madau et al. (1996) have derived the emissivity at
λ = 1500A˚ from objects selected in two redshift ranges at
z ∼ 3 and z ∼ 4, from object selected on the HDF-north
with the UV dropout technique. The lower emissivities at
z > 2 suggested that the star formation rate has reached
a maximum at z ∼ 1 − 2. However, a different picture
emerged from the ground-based survey of Steidel et al.
(1999). They selected Lyman break galaxies on a larger
area than the HDF, refining the colour selection criteria
with spectroscopic observations of a few object in the sam-
ple. The derived emissivity (at λ = 1700A˚) for z ∼ 3 is
still consistent with the Madau et al. (1996) value, while
the emissivity at z ∼ 4 does not show a steep decline. A
value for the emissivity at λ = 1700A˚ in the redshift bin
2.5 < z < 3.5 can be derived from the luminosity function
fitted by Poli et al. (2001) on a combined ground-based
and HST database. The datapoints are shown in Fig. 2 as
a function of redshift. We have corrected the emissivities
of Steidel et al. (1999) and Poli et al. (2001) to include all
objects with luminosities from 0 to ∞. The large errors in
the data derived from Steidel et al. (1999) and Poli et al.
(2001) reflect the uncertainties in the faint-end slope α
of the Schechter (1976) luminosity function. Steidel et al.
(1999) derive α = −1.60 ± 0.13 and Poli et al. (2001)
α = −1.37± 0.20. In the Madau et al. (1998) tabulation,
α = −1.3 was used.
A smooth star-formation history has been derived from
the observed UV emissivities in Fig. 2, by using Eqn. (11)
and correcting for dust internal extinction according to
the Calzetti’s (1997) attenuation law. At high redshift, we
have adopted the flat star-formation history suggested by
the work of Steidel et al. (1999). Synthetic galactic spec-
tra have then been produced with the Bruzual & Charlot
(2001) code. In Fig. 2 we show the evolution of the mod-
elled UV emissivity at 1500A˚ (solid line) and at 2800A˚
(dotted line), for a colour excess E(B-V)=0.1. The model
is compatible with both data at 2800A˚ and z < 2 and
data at 1500A˚ (and 1700A˚) and z > 2. For the chosen
E(B-V), the model is also consistent with the evolution
of the emissivity in the optical-NIR regime for z < 2, as
tabulated by Madau et al. (1998, not shown in Fig. 2).
Unfortunately, it has not been possible to repeat
the same procedure to model the emissivity (and star-
formation history) in Λ-cosmology. Only Poli et al. (2001)
present a luminosity function derived assuming Ωm =
0.3,ΩΛ = 0.7. Steidel et al. (1999) give the emissivity for
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Fig. 2.Comoving UV emissivity in a
flat Ωm = 1 universe, from literature
(dots) and from the spectral synthesis
model described in Sect. 2.3 (lines). The
model emissivity has been corrected
for internal dust extinction, using the
Calzetti’s (1997) attenuation law with
E(B − V ) = 0.1. Because of Eqn. (11)
and of the redshift-independent dust
correction, emissivity at λ = 1500A˚
is proportional to the SFR history
adopted in the model (scale on right or-
dinate).
the objects visible in their survey, but they do not provide
a luminosity function for an extrapolation to fainter lumi-
nosities. Therefore, we have used the model of the emis-
sivity for Ωm=1 and scaled it with a redshift-dependent
correction: for sufficiently small redshift bin, it can be
shown that the ratio of the emissivities in the flat Λ- and
Einstein-De Sitter cosmologies is
√
0.7 + 0.3(1 + z)3/(1+
z)1.5. The emissivity derived in this way is consistent with
the data of Poli et al. (2001). Because of Eqn. (11), the
same ratios applies to the star-formation histories.
The synthetic spectrum has then been used to derive
the emissivity for the ionising UV. Due to the absence of
observations, synthetic spectra rely on models of stellar at-
mospheres for λ ≤ 912A˚. Charlot & Longhetti (2001) com-
pared stellar spectra from different models and concluded
that discrepancies on the ionising flux are not higher than
0.1 dex. The uncertainty on our modelled emissivity also
depends on the uncertainties in the determination of the
SFR. To quantify the uncertainties in the adopted model,
we have computed the effect on the emissivity of the vari-
ation of the basic ingredients of the Bruzual & Charlot
(2001) model (IMF, metallicity, stellar libraries). We have
used the same description for the UV emissivity at 1500A˚
as in the main model (solid line in Fig. 2) and converted it
into a star-formation history by using a conversion factor
appropriate for the selected IMF and stellar spectra. The
synthetic spectra obtained in this way typically differ by
less than 0.2 dex at the ionisation limit and 0.3 dex at
600A˚.
Spectra at λ ≤ 912A˚ also need to be corrected for
the internal absorption by the galaxy interstellar medium.
We describe this correction with the parameter fesc, i.e.
the fraction of Lyman-continuum photons that can escape
into the IGM without being absorbed by the interstellar
medium, either gas or dust. A wide range of values can be
found in the literature for fesc, derived both from models
of radiative transfer and observations of H i recombina-
tion lines (5% < fesc < 60%; for a review, see Barkana
& Loeb 2001). UV observations of local starbursts sug-
gest fesc ≈ 5% (Leitherer et al. 1995; Hurwitz et al. 1997;
Heckman et al. 2001). Steidel et al. (2001) analised a com-
posite spectrum of 29 Lyman-break galaxies at z ∼ 3.4.
They derived a ratio between the flux densities at 1500A˚
and 900A˚ f1500/f900 = 4.6 ± 1, after correcting for the
differential absorption due to the intervening IGM. The
f1500/f900 ratio for the unattenuated synthetic spectrum
that we have used is very similar, f1500/f900 ≈ 5.3. If we
assume that 40% of the radiation at 1500A˚ is absorbed
by dust (as obtained from the Calzetti’s attenuation law
with E(B-V)=0.1), the observed f1500/f900 ratio is equiva-
lent to fesc ≈ 0.4 (if the internal absorption in the Lyman
continuum do not change significantly with λ). Because
of the increase of the disk density with the redshift, fesc
is expected to decrease with z; it is also found to depend
heavily on the details of the distribution of the sources
and the gas, i.e. whether the stars and/or gas are clumped
or not (Wood & Loeb 2000). In this work, we will use a
wavelength and redshift independent fesc, by which we
multiply the synthetic spectrum at λ ≤ 912A˚. We will
show results for fesc = 0.05 and 0.40, to cover the range
of values suggested by local and z ∼ 3.4 observations, and
for an intermediate value, fesc = 0.1.
Finally, the galactic emissivity has been converted
from comoving to proper, multiplying by (1 + z)3. The
total emissivity in Eqn. (1) is the sum of the QSOs and
the galaxy contribution.
3. The ionising background at 912A˚
In Fig. 3 we show the modelled UV background, J(ν, z),
at the Lyman limit as a function of redshift (solid lines)
for the flat universe with Ωm=1. The total background
is shown as the sum of the QSO contribution (the same
in each model; dotted line) and the galaxy contribution
(scaled with fesc; dashed lines). As predicted by other
authors, for large values of fesc the ionising background
produced by galaxies dominates over the flux from QSOs
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Fig. 3.UV background at λ = 912A˚ for
the models with fesc=0.05, 0.1 and 0.4
(solid lines), in a flat Ωm = 1 universe.
Also shown are the separate contribu-
tion of the QSOs (dotted line) and of
the galaxies (dashed lines, each corre-
sponding to a value of fesc). The shaded
area refer to the Lyman limit UV back-
ground estimated from the proximity
effect (Giallongo et al. 1996; Cooke
et al. 1997; Scott et al. 2000). The ar-
row shows an upper limit for the local
ionising background (Vogel et al. 1995).
The datapoint at z = 3 is derived from
a composite spectrum of Lyman-break
galaxies (Steidel et al. 2001). The mod-
els and the datapoint of Steidel et al.
(2001) have been multiplied by a z-
dependent factor, to take into account
the cloud emission (see text).
(Giallongo et al. 1997; Devriendt et al. 1998; Shull et al.
1999).
At high redshift, the value of the UV background
is constrained by the analysis of the proximity effect,
i.e. the decrease in the number of intervening absorp-
tion lines that is observed in a QSO spectrum when ap-
proaching the QSO’s redshift (Bajtlik et al. 1988). Using
high resolution spectra, Giallongo et al. (1996) derived
J(912A˚) = 5.0+2.5−1 · 10
−22 erg cm−2 s−1 Hz−1 sr−1 for
1.7 < z < 4.1 (see also Giallongo et al. 1999). Larger
values are obtained by Cooke, Espey, & Carswell (1997),
J(912A˚) = 1.0+0.5−0.3 · 10
−21 erg cm−2 s−1 Hz−1 sr−1 for
2.0 < z < 4.5. A recent re-analysis of moderate resolu-
tion spectra by Scott et al. (2000) has lead to J(912A˚) =
7.0+3.4−4.4 · 10
−22 erg cm−2 s−1 Hz−1 sr−1 for the same red-
shift range. We show these measurements in Fig. 3 with
a shaded area: the spread of the measurements obtained
with different methods and data gives an idea of the uncer-
tainties associated with the study of the proximity effect.
Measurements of the ionising background at low red-
shift are not less uncertain. Kulkarni & Fall (1993) re-
ported a first tentative detection of the proximity effect in
a sample of 13 QSOs at z < 1 observed with HST. They
obtained J(912A˚) = 6+30−4 ·10
−24 erg cm−2 s−1 Hz−1 sr−1,
the large uncertainties due to the small number of avail-
able absorbers. Vogel et al. (1995) derived a 2σ upper limit
J(912A˚)< 8.0 · 10−23 erg cm−2 s−1 Hz−1 sr−1, by study-
ing Hα emission in a high latitude Galactic cloud. This
upper limit is shown in Fig. 3.
We must remember here that our model does not
take into account the Lyman-continuum emission from
recombination in Lyα clouds. Haardt & Madau (1996)
have shown that radiative recombination provides an im-
portant contribution to the ionising background. Using
only QSOs as source of ionising radiation, they obtain
J(912A˚) = 5 · 10−22 erg cm−2 s−1 Hz−1 sr−1 at z=2.5,
well within the shaded area in Fig. 3. Similar results are
obtained by Fardal et al. (1998). Although the cloud con-
tribution to the background depends on the adopted emis-
sivity and intergalactic absorption, we have obtained a
rough estimate of its importance by using UV background
spectra kindly provided by F. Haardt. At z=3, the models
of Haardt & Madau (1996) are a factor 1.7 higher than for
the case of a purely absorbing medium; at z=0, the fac-
tor reduces to 1.3. A simple linear interpolation between
these two points reproduces the actual data for 0 < z < 5
within 5%. The models shown in Fig. 3 are multiplied for
this z-dependent factor.
Several models can produce a value of J(912A˚) com-
patible with one of the measurements from the proxim-
ity effect at z ∼ 3 shown in Fig. 3, from a a simple
QSO-dominated background to models with fesc ∼ 0.2.
However, a more stringent condition, fesc <∼ 0.10, is re-
quired not to exceed the local upper limit of Vogel et al.
(1995). Steidel et al. (2001) used their composite spectrum
of Lyman-break galaxies and the UV emissivities of Steidel
et al. (1999) to derive the ionising flux at z = 3. They ob-
tained J(912A˚) = 1.2±0.3 10−21 erg cm−2 s−1 Hz−1 sr−1,
a value consistent with our model for fesc = 0.4. If Lyman-
break galaxies with a spectrum similar to that observed by
Steidel et al. (2001) dominate the UV background, they
will produce an ionising flux higher than the local and
high-redshift estimates.
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Fig. 4. Number density evolution of the Lyα forest with NH i = 10
13.64−16 cm−2, for the two cosmologies adopted in
this paper. Dotted lines refer to the evolution compatible with an ionising UV background due only to QSOs. Solid
lines show the evolution when both QSOs and galaxies contribute to the background, for the models with fesc=0.05
(upper line), 0.1 and 0.4 (lower line). Data points come from several observations in the literature for the column
density range NH i = 10
13.64−16 cm−2, as given by Kim et al. (2001). The modelled evolution has been normalized to
the observed evolution in the redshift range 2 < z < 3.
Similar results are obtained in the Ωm=0.3, ΩΛ = 0.7
universe (not shown). Because of Eqn. (2) and of the factor
we have used in Sect. 2.3 to derive the emissivity for the
Λ-cosmology, the contribution of galaxies to the emissivity
is exactly the same in both the universe models adopted
here. The QSOs contribution, instead, depends on an in-
dependent fit of the luminosity function (Sect. 2.2). In the
new cosmology, the UV background produced by QSOs
is slightly larger than the value for the Einstein-De Sitter
model, by about 30% at the peak of the QSOs contribu-
tion. 1
4. The evolution of the Lyman Forest
Further constraints can be obtained by studying the ef-
fect of the evolution of the ionising background on the
evolution of absorbers. Dave´ et al. (1999) have studied
the evolution of the low-redshift Lyα forest in a hydrody-
namic cosmological simulation, adopting an UV ionising
background with the same redshift evolution as that of
Haardt & Madau (1996). They found a sharp transition
at z = 1.7 for the number density evolution, dN/dz. The
change in evolution is primarily due to the drop in the
UV ionising background, resulting from the decline in the
QSO population. The formation of structure by gravita-
tional growth plays only a minor role in the evolution. In
the absence of structure evolution, is it possible to derive
1 As pointed out by the referee, the background is, in prin-
ciple, independent on the adopted cosmology. The slight dif-
ference between the two QSO backgrounds arises because of
the cosmology-dependent correction for incompleteness in the
luminosity function.
an analytical approximation for the evolution of dN/dz
with Jν and the Hubble expansion. For clouds in photo-
ionisation equilibrium with the background, it is easy to
show that the evolution of lines above a given threshold
in column density can be written as (Dave´ et al. 1999)
(
dN
dz
)
NH i>NminH i
∝
1
H(z)
[
(1 + z)5
ΓH i(z)
]β−1
, (12)
where H(z) is the Hubble parameter and β the coefficient
of the power-law distribution of clouds with column den-
sity (Eqn. 7). ΓH i(z) is the photo-ionisation rate
ΓH i(z) =
∫ ∞
ν0
4πJ(ν, z)
hν
σH i(ν)dν, (13)
with ν0 the frequency of the Lyman limit and σH i(ν) =
σH i(ν0/ν)
3 the H i photo-ionisation cross-section.
In Fig. 4 we show dN/dz for Lyman forest clouds in the
column density rangeNH i = 10
13.64−16 cm−2. Data points
come from several sources in the literature and from new
high resolution VLT/UVES spectra of three QSO (Kim
et al. 2001). For each of our models, we have computed
ΓH i(z) and we have derived the evolution of dN/dz accord-
ing to Eqn. (12), for the two cosmologies adopted in this
paper. The evolution has been normalized to the observed
values for 2 < z < 3. In this redshift range, the UV back-
ground is nearly flat for any of the models and it is easy to
show, from Eqn. (12), that dN/dz ∝ (1 + z)5β−6.5, inde-
pendently of the cosmology. By fitting the observed data,
Kim et al. (2001) have derived dN/dz ∝ (1 + z)2.19 for
z > 1.5. A value β ≈ 1.7 can well reproduce the evolution
derived from the observations. This is consistent with fits
of the density distribution, that give β = 1.68± 0.15 over
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NH i = 10
14−16 cm−2 at z ∼ 1 (Kim et al. 2001). On the
other hand, weaker lines (NH i <∼ 10
14 cm−2) are known to
have a flatter distribution in column density (β ∼ 1.4-1.5;
Giallongo et al. 1996; Kim et al. 2001). This will produce a
slower redshift evolution, as observed in this column den-
sity range for z > 1.5 (γ ∼ 1; Kim et al. 2001). We remind
here that in Sect. 2.1 we have used β = 1.46, that provides
a good description of the density distribution over a much
larger column density range.
The analysis of Kim et al. (2001) shows that the change
in evolution occurs at z ≈ 1, rather than at z ≈ 1.7, as
previously suggested (Weymann et al. 1998). In Fig. 4 the
break at z ≈ 1 can be reproduced if the contribution of
galaxies to the background is dominant. This is because
of the rapid decrease of the star-formation rate (and of
ΓH i(z)) below this redshift (Fig. 2). The photo-ionisation
rate of a pure QSOs background, instead, peaks at z ∼ 2.5
and has a slower evolution with z. It is interesting to note
that the modelled evolution is closer to the observed data
for the Λ-cosmology. For the Einstein-De Sitter universe,
dN/dz grows for z < 1, which is not observed. However,
the discrepancy may be mitigated when the effect of the
formation of structures on dN/dz is taken into account
(Dave´ et al. 1999).
The modelled dN/dz do not depend on our approxima-
tion of a purely absorbing intergalactic medium, since the
contribution of cloud emission to ΓH i(z) is nearly constant
with redshift (see Fig. 6 in Haardt & Madau 1996).
5. Conclusions
In this work we have derived the H i-ionising background,
resulting from the integrated contribution of QSOs and
galaxies, taking into account the opacity of the interven-
ing IGM. We have modelled the IGM with pure-absorbing
clouds, with a distribution in column density of neutral
hydrogen, NH i, and redshift, z, derived from recent ob-
servations of the Lyα forest (Kim et al. 2001) and from
Lyman Limit systems. The QSOs emissivity has been de-
rived from the recent fits of Boyle et al. (2000), while
we have used the stellar population synthesis model of
Bruzual & Charlot (2001) and a star-formation history
from UV observations for the galaxy emissivity. Due to
the present uncertainties in models and observations, we
have used three values for the fraction of ionising photons
that can escape a galaxy interstellar medium, fesc= 0.05,
0.1 and 0.4, as suggested by local and high-z UV observa-
tions of galaxies, respectively.
The contribution of galaxies to the UV background
is found to be comparable or larger than that of QSOs.
This is consistent with other determinations of the galac-
tic contribution to the background (Giallongo et al. 1997;
Devriendt et al. 1998; Shull et al. 1999). Taking into ac-
count (in a rough form) the contribution of reemission
from the IGM clouds (Haardt & Madau 1996; Fardal et al.
1998), we find that all models with 0 < fesc <∼ 0.10 can
provide an ionising background within the limits measured
from observations of the proximity effect at z ∼ 3 and
not exceeding the upper limit for the local background at
z = 0.
The analysis of Kim et al. (2001) shows that the break
in the evolution of the Lyα forest, dN/dz, occurs at z ∼ 1.
We used the evolution of the ionising background in our
model to derive dN/dz, assuming that the formation of
structure plays only a minor role (Dave´ et al. 1999). The
rapid decrease of star-formation for z <∼ 1 can easily ex-
plain the observed break, while a QSO-only background
would produce a break at z ∼ 2 (Dave´ et al. 1999). For the
ionising background to have an evolution similar to that
of a galaxy-only model, high values of fesc are needed.
This result apparently pushes the galaxy contribution in
an opposite direction with respect to the estimates of the
absolute value of the ionising background. The flat evolu-
tion of dN/dz at z < 1 is much better reproduced adopt-
ing a Λ-cosmology (Ωm=0.3,ΩΛ=0.7) rather than a Ωm=1
Einstein-De Sitter universe. However, such a result needs
to be confirmed after properly taking the formation of
structure into account.
A significant contribution from galaxies to the ion-
ising metagalactic flux would correspond to a softening
of its spectrum with respect to a purely QSO-dominated
background. This effect would be particularly important
at very high and very low redshift. Observations of the
evolution of the Si iv to C iv ratio with redshift (Savaglio
et al. 1997; Songaila 1998) seem to confirm the progressive
softening of the UV background at z > 3.
To summarise our result, a galaxy-dominated back-
ground with fesc <∼ 0.1 is consistent with the estimates of
J(912A˚). In the hypothesis that the formation of struc-
tures plays a negligible effect, fesc >∼ 0.05 − 0.1 is needed
in order to explain the observed dN/dz of Lyα absorbers.
The rapidly improving knowledge derivable from numeri-
cal simulations, the determination of the cosmological evo-
lution of the Lyman forest, the proximity effect estimates
of the ionising background, and the evolution of the in-
tensity ratios of metal absorption lines will put soon con-
straints on the relative galaxy/QSO contribution to the
UV background and, together with direct measurements
of the Lyman continuum emission from galaxies, will make
it possible to address the issue of the evolution of the es-
caping fraction of photons from galaxies as a function of
z.
Acknowledgements. We are greatly indebted to Francesco
Haardt (the referee) and Piero Madau for providing us with
results from their cosmological radiative transfer code prior to
publication and for enlightening comments; and to Stephane
Charlot for suggestions and help with the use of the latest
version of the GISSEL code. We also acknowledge stimulating
discussion with Sandro D’Odorico, Benedetta Ciardi, Andrea
Ferrara and Andrea Grazian. This work was partially sup-
ported by the Research and Training Network ”The Physics of
the Intergalactic Medium” set up by the European Community
under the contract HPRN-CT2000-00126 RG29185.
Simone Bianchi et al.: The contribution of galaxies to the UV ionising background 9
References
Bajtlik, S., Duncan, R. C., & Ostriker, J. P. 1988, ApJ, 327,
570
Barkana, R. & Loeb, A. 2001, Physics Reports, in press
Boyle, B. J., Shanks, T., Croom, S. M., Smith, R. J., Miller,
L., Loaring, N., & Heymans, C. 2000, MNRAS, 317, 1014
Boyle, B. J., Shanks, T., & Peterson, B. A. 1988, MNRAS, 235,
935
Bruzual, A. G. & Charlot, S. 1993, ApJ, 405, 538
—. 2001, in preparation
Calzetti, D. 1997, in AIP Conference Proceedings, Vol. 408,
The Ultraviolet Universe at Low and High Redshift, ed.
W. H. e. a. Waller (New York: American Institute of
Physics), 403
Charlot, S. & Longhetti, M. 2001, MNRAS, in press
Connolly, A. J., Szalay, A. S., Dickinson, M., Subbarao, M. U.,
& Brunner, R. J. 1997, ApJL, 486, L11
Cooke, A. J., Espey, B., & Carswell, R. F. 1997, MNRAS, 284,
552
Cristiani, S. & Vio, R. 1990, A&A, 227, 385
Dave´, R., Hernquist, L., Katz, N., & Weinberg, D. H. 1999,
ApJ, 511, 521
Devriendt, J. E. G., Sethi, S. K., Guiderdoni, B., & Nath, B. B.
1998, MNRAS, 298, 708
Fan, X., Strauss, M., Schneider, D., Gunn, J., Lupton, R.,
Becker, R., Davis, M., Newman, J., Richards, G., White, R.,
Anderson, J., Annis, J., Bahcall, N., Brunner, R., Csabai, I.,
Hennessy, G., Hindsley, R., Fukugita, M., Kunszt, P., Ivezic,
Z., Knapp, G., McKay, T., Munn, J., Pier, J., Szalay, A., &
York, D. 2001, AJ, 121, 31
Fardal, M. A., Giroux, M. L., & Shull, J. M. 1998, AJ, 115,
2206
Freedman, W. L., Madore, B. F., Gibson, B. K., Ferrarese,
L., Kelson, D. D., Sakai, S., Mould, J. R., Kennicutt, R. C.,
Ford, H. C., Graham, J. A., Huchra, J. P., Hughes, S. M. G.,
Illingworth, G. D., Macri, L. M., & Stetson, P. B. 2001, ApJ,
in press
Giallongo, E., Cristiani, S., D’Odorico, S., Fontana, A., &
Savaglio, S. 1996, ApJ, 466, 46
Giallongo, E., Fontana, A., Cristiani, S., & D’Odorico, S. 1999,
ApJ, 510, 605
Giallongo, E., Fontana, A., & Madau, P. 1997, MNRAS, 289,
629
Haardt, F. & Madau, P. 1996, ApJ, 461, 20
Heckman, T., Sembach, K. R., Meurer, G., Leitherer, C.,
Calzetti, D., & Martin, C. L. 2001, ApJ, in press
Hurwitz, M., Jelinsky, P., & Dixon, W. V. D. 1997, ApJL, 481,
L31
Kennicutt, R. C. 1998, ARA&A, 36, 189
Kim, T. S., Cristiani, S., & D’Odorico, S. 2001, A&A, in press
Kulkarni, V. P. & Fall, S. M. 1993, ApJL, 413, L63
La Franca, F. & Cristiani, S. 1997, AJ, 113, 1517
Leitherer, C., Ferguson, H. C., Heckman, T. M., & Lowenthal,
J. D. 1995, ApJL, 454, L19
Lilly, S. J., Le Fevre, O., Hammer, F., & Crampton, D. 1996,
ApJL, 460, L1
Liu, M. C., Charlot, S. ., & Graham, J. R. 2000, ApJ, 543, 644
Machacek, M. E., Bryan, G. L., Meiksin, A., Anninos, P.,
Thayer, D., Norman, M., & Zhang, Y. 2000, ApJ, 532, 118
Madau, P. 1991, ApJL, 376, L33
—. 1992, ApJL, 389, L1
Madau, P., Ferguson, H. C., Dickinson, M. E., Giavalisco, M.,
Steidel, C. C., & Fruchter, A. 1996, MNRAS, 283, 1388
Madau, P., Pozzetti, L., & Dickinson, M. 1998, ApJ, 498, 106
Moller, P. & Jakobsen, P. 1990, A&A, 228, 299
Osterbrock, D. E. 1989, Astrophysics of Gaseous Nebulae
and Active Galactic Nuclei (Mill Valley: University Science
Book)
Paresce, F., McKee, C. F., & Bowyer, S. 1980, ApJ, 240, 387
Petitjean, P., Webb, J. K., Rauch, M., Carswell, R. F., &
Lanzetta, K. 1993, MNRAS, 262, 499
Poli, F., Menci, N., Giallongo, E., Fontana, A., Cristiani, S., &
D’Odorico, S. 2001, ApJL, in press
Salpeter, E. E. 1955, ApJ, 121, 161
Savaglio, S., Cristiani, S., D’Odorico, S., Fontana, A.,
Giallongo, E., & Molaro, P. 1997, A&A, 318, 347
Schechter, P. 1976, ApJ, 203, 297
Scott, J., Bechtold, J., Dobrzycki, A., & Kulkarni, V. P. 2000,
ApJS, 130, 67
Shull, J. M., Roberts, D., Giroux, M. L., Penton, S. V., &
Fardal, M. A. 1999, AJ, 118, 1450
Songaila, A. 1998, AJ, 115, 2184
Steidel, C. C., Adelberger, K. L., Giavalisco, M., Dickinson,
M., & Pettini, M. 1999, ApJ, 519, 1
Steidel, C. C., Pettini, M., & Adelberger, K. L. 2001, ApJ, 546,
665
Storrie-Lombardi, L. J., McMahon, R. G., Irwin, M. J., &
Hazard, C. 1994, ApJL, 427, L13
Vogel, S. N., Weymann, R., Rauch, M., & Hamilton, T. 1995,
ApJ, 441, 162
Weymann, R. J., Jannuzi, B. T., Lu, L., Bahcall, J. N.,
Bergeron, J., Boksenberg, A., Hartig, G. F., Kirhakos,
S., Sargent, W. L. W., Savage, B. D., Schneider, D. P.,
Turnshek, D. A., & Wolfe, A. M. 1998, ApJ, 506, 1
Wood, K. & Loeb, A. 2000, ApJ, 545, 86
Zheng, W., Kriss, G. A., Telfer, R. C., Grimes, J. P., &
Davidsen, A. F. 1997, ApJ, 475, 469
